INTRODUCTION
Smart materials and structures with controllable intelligent response to external stimulus have become a major technological trend, which offers great application prospects in intriguing nano-system applications [1] [2] [3] . In this regard, smart actuators that reversibly change shape, size, or mechanical properties in response to magnetic, electric, thermal, moist, and optical stimuli have attracted considerable interest because of their potential applications in advanced artificial actuating and shape-memory structures and devices [4] [5] [6] . However, as an experimental fact, previous actuators, especially equipped with inorganic materials, are rarely in response to environmental humidity gradients [7] . In many ways, environment moisture state is an important factor that must be considered. Thus, catering for practical applications, there is an urgent need but it is still a significant challenge to develop a smart actuator with humidity responsiveness. Moreover, present researches on smart actuators mainly focused on bimorph structure consisting of two layers with the isotropic volume change factor [5, 8] . However, low cohesion strength of contact interface is stills great challenge for bimorphs, which limit the application prospects to intriguing nanodevices.
Graphene oxide, contains a large-scale oxygen functional groups, showcases several exceptional functions (unique mechanical, thermal, hydrophilic, and optical properties) that can address emerging energy needs, in particular for the ever-growing market of portable and wearable smart actuation systems and energy conversion devices [9, 10] . Graphene/polymer composites have also been used over a wide range of applications [11] [12] [13] . Recent observation has seen that graphene-based smart actuators have sprung up over the past decade. The smart actuators based on graphene fibers display deformation once exposed to moisture [7] . A self-controlled photoreduction of GO paper has been applied to prepare GO/ RGO bilayer structures [14] . A bilayer multi-walled carbon nanotubes-graphite oxide paper curled depending on humidity and/or temperature [15] . A humidity-driven graphene actuator was prepared by unilateral UV irradiation of GO papers [16] . Large area graphene was used as an ultrasensitive photothermal actuator that realizes a new prototype robotic motions under infrared-light stimuli [17] . A small graphene oxide sheet/polyvinylidene fluoride bilayer actuator exhibited large and rapid responses to multiple stimuli [18] . Single phase nematic GO liquid crystals with hydration-responsive was observed with folding and unfolding phenomena [19] . The rise of smart actuation systems triggered the fast increasing research upsurge in unique applications associated with its actuating performance.
Herein, by experimentally optimizing the interface of bimorph structure, graphene oxide/ethyl cellulose (GO/ EC) bidirectional bending actuators are built (Fig. 1a) , representing a first experimental case of bimorphs with fast and reversible shape changes in response to environmental humidity gradients. Meanwhile, we employ the actuator as the engine to drive piezoelectric detector. In this case, GO and EC combined with chemical bonds, successfully building a bimorph with binary synergy strengthening and toughening. The excellent hygroscopicity of graphene oxide accompanied with huge volume expansion triggers giant moisture responsiveness greater than 90 degrees. Moreover, the open circuit voltage of piezoelectric detector holds a peak value around 0.1 V. We anticipate that humidity-responsive actuator and detector hold promise for the application and expansion of smart devices in varieties of multifunctional nanosystems.
EXPERIMENTAL SECTION

Materials
Ethylcellulose (EC, medium viscosity, 18-22 mPa s) was purchased from Aladdin Industrial Co. (Shanghai, China). Sodium hydroxide (NaOH), sulfuric acid (H 2 SO 4 ), potassium permanganate (KMnO 4 ), anhydrous alcohol (EtOH), glass slide (25.4 mm×76.2 mm) and graphite powder (mesh: 300) were purchased from Sinopharm Group. Deionized (DI) water was used in all experimental processes.
Synthesis of GO
GO was prepared from natural graphite flakes by an improved Hummers method [20] . In detail, 2 g graphite powder and 100 mL concentrated H 2 SO 4 were mixed in a 500 mL beaker with magnetic stirring in an ice bath. Then 12 g KMnO 4 was slowly added. The mixture was stirred for 2 h at 0°C and another 24 h at 35°C. After cautiously adding, dropwise, 200 mL H 2 O and 20 mL 30% H 2 O 2 at 95°C, the color of the solution changed from black to purple and finally became bright yellow. The final product was washed with HCl (5%) and deionized water in turn and separated by centrifugal until the supernatant was close to neutral. The collected product was dispersed in deionized water followed by an ultrasonic treatment. Finally, the concentration of GO solution was quantified as 10 mg mL −1 .
Fabrication of GO film
First, GO solution (10 mL) was sealed in a glass bottle with ultrasonic treatment. After 60 min, a homogenized, gray-black suspension was prepared. Then, the as-obtained suspension was uniformly coated on a glass slide substrate and heated on a flat heater at 45°C. Approximately 10 min later, dried GO film was obtained.
Fabrication of GO/EC flexible film
The EC solution was prepared as follow: EC powder (20 g) and EtOH (200 mL) were sealed in a glass bottle with magnetic stirring at room temperature. After 24 h, a homogenized, translucent gelatin was obtained. After that, 0.5 mL as-prepared gelatin was coated onto GO film and then dried at room temperature for 10 min. Finally, the dry GO/EC flexible film was peeled from the substrate very easily, getting a freestanding flexible film.
Assembly of piezoelectric detector
The piezoelectric detector is composed of two parts: piezoelectric layer and actuator layer. Actuator layer is asprepared GO/EC flexible film. Piezoelectric layer is a flexible component comprising a 28 µm thick piezoelectric PVDF polymer film with screen-printed Ag-ink electrodes. Testing wires were connected to the top and bottom silver electrodes with two crimped contacts. The end of the testing wires was fixed on a glass slide with a silver paste and a thin layer of 3M7413D tape.
Characterization
The field-emission scanning electron microscopy (FE-SEM) images were taken on a JEOL JSM-6700F SEM. Mechanical effect of humidity sensing properties were measured by home-made setups. Dynamic water vapor sorption analysis was measured by DVS, SMS Intrinsic. Open circuit potential (OCP) was performed on a Zahner IM6 electrochemical workstation. FT-IR spectra were carried out by Nicolet 8700 infrared spectrometer (Thermo Scientific Instrument Co. U.S.A). Experimental demonstrations of the actuator were captured by using a digital camera.
RESULTS AND DISCUSSION
The GO/EC bimorph actuator was fabricated by a simple two-step coating process (Fig. 1b) . Fig. 1c clearly shows the cross-sectional laminated structure of the GO/EC actuator, which was combined together tightly without delamination. As well-known, EC is a derivative of cellulose in which some of the hydroxyl groups on the repeating glucose units are converted into ethyl ether groups. GO, a hexagonal carbon network with both sp 2 -and sp 3 -hybridized carbons, possesses a multitude of oxygen-containing functional groups (-OH, -COOH, etc.) on its surface, which further improve the interfacial interactions with the EC by numerous H-bonding networks [21] . FT-IR spectra of GO, EC, and GO-EC are shown in Fig. 1d , e. Compared with the pure GO and EC, GO-EC exhibited a significantly enhanced peak at 1,384 cm −1 , which is ascribed to the O-H deformation vibrations of tertiary C-OH [22] . The intensity of the absorption peak is related to the probability of molecular transition. Also, the peak has shifted slightly to higher wavenumbers due to the inductive effect [23, 24] . Moreover, high-resolution synchrotron radiation photoelectron spectroscopy (HR-SRPES) of the C 1s components (Fig. S2) revealed that four oxygen-related peaks corresponding to C-OH, C-O-C, C=O, and O-C=O groups in GO/EC composite slightly shifted toward lower binding energy from GO (285.7, 286.95, 288.55, and 289.45 eV) to GO/EC (285.4, 286.75, 288.2, and 289.05 eV), indicative of cooperation between GO and EC [25] . Besides, the relative areas of all peaks are changed in degree, in particular, the increase of the C-OH groups, suggesting that more C-OH groups are generated [26] . These results mentioned above indicate that more C-OH bonds were formed between GO and EC, making the bimorph tightly bonded.
It is well-known that GO is extremely sensitive to changes in ambient humidity [27] . Fig. 2a schematically shows the humidity-triggered bending actuation mechanism. The adsorption and desorption process of water molecules in GO layers could cause the fast and reversible expansion/contraction of GO films. The humidity-driven bending properties in Fig. 2c are measured by a homemade setup in Fig. 2b . First, we demarcate the relative humidity levels at different heights from the water surface with a humidity meter. Then, the bending angles at dif-SCIENCE CHINA Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
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October 2018 | Vol. 61 No. 10. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1293 ferent heights are measured by a goniometer. From these two parameters, we acquire the relative relations of bending angles vs. relative humidity, as shown in Fig. 2d . The relationship between bending angles and relative humidity is linear. Movie S1 (Supplementary Information  2) shows that the actuator bent when it moved close to the water surface and restituted when it moved away from the moisture. To further understand the mechanism of the humidity-triggered bending actuation, dynamic water vapor sorption isotherm analysis for GO was carried out. As shown in Fig. 2e and f, the mass of GO change with moisture content, which indicates that water vapor adsorption and desorption was a dynamic as well as a reversible process.
Benefited from this unique humidity-triggered bending actuation, a practical hygro-sensitive piezoelectric detector became possible to be achieved. A schematic demonstration of the structure for the detector is shown in Fig. 3a . The structure of the detector is composed of such parts: actuator bilayer, top electrode, piezoelectric layer and bottom electrode. Fig. 3b is a digital photograph of the detector. With periodical alternation of the moisture, the piezoelectric detector brings a remarkable periodic voltage output. Fig. 3d and e show the transient voltage responses of the detector driven by moisture gradient. In this model, the results show that the material has a sensitive response and excellent cyclic performance. Moreover, the as-established device can be readily built on anywhere that needs the sensor to respond quickly to changes in ambient humidity. In this regard, the humidity-triggered actuator and hygro-sensitive piezoelectric detector indicate a promising direction for the development of advanced multi-stimulus triggered actuators and detectors in the fields of soft-bodied robots, microfluidic handling system, and high-performance transducers.
CONCLUSIONS
In conclusion, a humidity-triggered actuator and hygrosensitive piezoelectric detector based on graphene oxide/ ethyl cellulose bimorph are presented here. In order to achieve high cohesion strength of the interface and sensitive response to humidity, interface optimization strategy and GO with abundant hydroxy were developed, which possess fast and reversible shape changes in response to environmental humidity gradients. In this case, graphene oxide and ethyl cellulose are combined with chemical bonds, successfully building a bimorph with binary synergy strengthening and toughening. Excellent hygroscopicity of graphene oxide accompanied with huge volume expansion triggers giant moisture responsiveness greater than 90 degrees. Meanwhile, we employ the actuator as the engine to drive piezoelectric detector.
Moreover, the open circuit voltage of piezoelectric detector holds a peak value around 0.1 V and exhibits excellent reversibility. We anticipate that the humidityresponsive actuator and detector hold promise for the application and expansion of smart devices in varieties of multifunctional nanosystems.
